A tuberculose (TB) continua sendo a principal causa de mortalidade devido a um único patógeno bacteriano, o Mycobacterium tuberculosis. Há, portanto, a necessidade de desenvolvimento de novos agentes antimicobacterianos. A 2-trans-enoil-ACP(CoA) redutase (InhA) de M. tuberculosis é o principal alvo da isoniazida. Aqui nós apresentamos dados de equilíbrio e cinética em estado pré-estacionário da ligação do substrato 2-trans-dodecenoil-CoA à InhA. Os resultados demonstram cooperatividade homotrópica positiva da ligação deste substrato à InhA e um processo de associação bimolecular seguido por uma lenta isomerização do complexo binário enzima-substrato. Os dados aqui descritos devem auxiliar no desenho racional de novos inibidores de um alvo protéico validado e com potencial utilização no tratamento da TB.
Introduction
Tuberculosis (TB) remains the leading cause of mortality due to a bacterial pathogen, Mycobacterium tuberculosis. 1 The World Health Organization (WHO) reported that there were an estimated 9.27 million incident cases of TB in 2007, and that 1.37 million (15%) were HIV-positive patients, who are more likely to develop active TB than HIV-negative patients. 2 In addition, there were an estimated 0.5 million cases of multi-drug resistant TB (MDR-TB), which is defined as strains resistant to, at least, isoniazid and rifampicin. 2 The emergence of extensively drug-resistant (XDR) TB cases, defined as cases in persons with TB whose isolates are MDR that are also resistant to a fluoroquinolone and, at least, one second-line injectable agent (amikacin, kanamycin and/or capreomycin), 2, 3 its widespread distribution, 4 and unprecedented fatality rate, 5 raise the prospect of incurable and deadly TB worldwide. There is thus is an urgent need for the development of new antimycobacterial agents. Isoniazid (INH, isonicotinic acid hydrazide) is one of the oldest synthetic antitubercular, and the most prescribed drug for active infection and prophylaxis. 6 The product of the M. tuberculosis InHA structural gene (InhA) has been shown to be a major target for INH 7 and to be an NADHdependent enoyl-ACP (acyl carrier protein) reductase enzyme specific for long-chain enoyl thioester substrates. 8 InhA is a member of the mycobacterial Type II dissociated fatty acid biosynthesis system (FASII), which elongates acyl fatty acid precursors yielding the long carbon chain of the meromycolate branch of mycolic acids, the hallmark of mycobacteria. 9 However, it has recently been suggested that the acyclic 4R isomer of INH-NADP inhibits M. tuberculosis dihydrofolate reductase, an enzyme essential for nucleic acid synthesis, prompting the authors to propose that this enzyme is also a target for isoniazid. 10 In addition, results of a proteome-wide profiling using INH adducts coupled to a solid support suggested that INH targets multiple enzymes in M. tuberculosis. 11 However, determination of a clinically relevant drug target requires the ability to transfer a single point mutation that causes drug resistance within a gene that putatively encodes a drug target and demonstrates that this transfer is sufficient, by itself, to confer drug resistance. To the best of our knowledge, it has been shown for InhA, 12 thereby indicating that mycobacterial enoyl reductase is the bona fide target for INH mode of action.
INH is a pro-drug that is activated by the mycobacterial katG-encoded catalase-peroxidase enzyme in the presence of manganese ions, NAD(H) and oxygen. [13] [14] [15] [16] The katGproduced acylpyridine fragment of INH is covalently attached to the C4 position of NADH that forms a binary complex with the wild-type (WT) enoyl reductase of M. tuberculosis. 17 20 which was borned out by structural studies. 20, 21 Steady-state kinetic studies have indicated that WT InhA follows a sequential kinetic mechanism with preferred binding of NADH followed by enoyl-Coenzyme A (enoylCoA) substrate binding, and that hydride transfer occurs from the 4S hydrogen to the C3 position of 2-trans-enoylCoA(ACP) substrate. 8 However, results of primary kinetic deuterium isotope effects were consistent with a random order of addition of substrates to WT InhA. 22 The kinetics of NADH binding to WT and INH-resistant InhA proteins has also been investigated by fluorescence spectroscopy in a stopped-flow equipment. 20 However, there has been no report on binding of 2-trans-enoyl-CoA substrate to InhA. Here we present equilibrium and pre-steady-state data on 2-trans-dodecenoyl-CoA (DD-CoA) binding to WT InhA. A mechanism of binary complex formation between DDCoA and WT InhA is proposed. Moreover, the results here presented support a random order kinetic mechanism of substrate addition to InhA.
Experimental

Materials
All chemicals used were of analytical or reagent grade and required no further purification. Complete protease inhibitor cocktail tablets were from Boehringer (Mannheim, Germany). Amicon stirred ultrafiltration cell and regenerated cellulose ultrafiltration membranes were from Millipore. Fast performance liquid chromatography (FPLC) protein purification (4 ºC) was carried out in an Äkta purifier (GE Helthcare).
Purification of WT InhA
WT InhA was expressed and purified to homogeneity as described elsewhere. 19 In short, six liters of 1.5 × Luria broth medium containing 50 mg mL -1 carbenicillin were inoculated with a single colony, grown to an A 600 of 0. NaCl gradient. Fractions containing WT InhA were pooled, concentrated by ultrafiltration (molecular weight cut-off of 10,000 Da), loaded on Sephacryl S-200 gel filtration column, and eluted using isocratic 20 mmol L -1 PIPES pH 7.3. Fractions containing WT InhA were pooled, loaded on Mono Q HR 16/10 anion exchange column, and eluted using a linear 0-0.5 mol L -1 NaCl gradient. Fractions containing WT InhA were pooled and stored in 65% ammonium sulfate solution. Total protein concentration was determined by Bradford's method using bovine serum albumin as standard (Bio-Rad Laboratories).
Synthesis and purification of 2-trans-dodecenoyl-CoA (DD-CoA)
2-trans dodecenoyl-CoA was synthesized from 2-transdodecenoic acid and CoA by the mixed anhydride method as previously described. 19 DD-CoA was purified by reversephase HPLC using a 19 × 300 mm C 18 mBondapak column Vol. 21, No. 8, 2010 (Waters Associates, Milford, MA) as described elsewhere. 22 In short, chromatography was performed using 20 mmol L -1 ammonium acetate/1.75% acetonitrile as buffer A and running a 0-100% gradient of 95% acetonitrile/5% H 2 O (buffer B) at 8 mL min -1 . Elution was monitored at 260 nm and 285 nm using an Äkta Purifier 10 (GE Healthcare) at constant room temperature (ca. 20 °C), and fractions containing DD-CoA were pooled and lyophilized. The retention time for DD-CoA was 63 min. The ratio of absorbance of purified DD-CoA at 232 nm and 260 nm was 0.62, a value that meets the established criterion for pure thioesters (A 232 /A 260 ≥ 0.52). 23 
Fluorescence spectroscopy
Protein fluorescence titration at equilibrium was carried out at 25 ºC by making microliter additions of DD-CoA (1-28 mmol L -1 ) to 2 mL of 2 mmol L -1 WT InhA in 100 mmol L -1 Pipes, pH 7.0, keeping the dilution to a maximum of 1.0%. Excitation and emission wavelenghts were, respectively, 299 and 335 nm; with excitation and emission slits of, respectively, 1.5 and 10 nm, using an RF-5301PC Spectrophotometer (Shimadzu). Control measurements were performed in the same conditions, except that DD-CoA was not added, and these values were subtracted from those obtained in the presence of the substrate. Control experiments were also employed to determine the maximum ligand concentrations to be used with no inner filter effect on intrinsic protein fluorescence.
Pre-steady-state kinetics of DD-CoA binding
The rate of WT InhA:DD-CoA binary complex formation was determined by monitoring the rate of quench in protein fluorescence upon DD-CoA (2.5-40 µmol L -1 ) binding to WT InhA (2 mmol L -1 ) in 100 mmol L -1 Pipes, pH 7.0, using an Applied-Photophysics SX-18MV-R (Leatherhead, UK) stopped-flow spectrofluorimeter operated at 25 °C in fluorescence mode (dead time = 1.37 ms). The excitation wavelength (299 nm) was selected by focusing a 150-W Xenon arc lamp onto a monochromator fitted with a 250 nm holographic grating. The excitation slit width was set to 0.64 mm, corresponding to a spectral band width of 3 nm. The fluorescence signal above 320 nm was collected using a WG320 Scott filter, positioned between the photomultiplier and the sample cell as previously described. 24, 25 Data acquisition was carried out using a split time base (1 and 10 s), with the first half of data acquired over 10% of the time period monitored for the second half of the split time base. This procedure allows for more accurate determination of the rate and amplitude of an exponentially changing signal. 26 Data were stored on an Acorn A5000 computer, and analyzed by non-linear regression. All concentrations in stopped-flow experiments are given for mixing chamber.
Data analysis
Data from equilibrium fluorescence spectroscopy were fitted to equation 1, the Hill equation, 27 in which F is the observed fluorescence signal, F max is the maximal fluorescence, n represents the minimum number of binding sites, and K' is a constant comprising interaction factors and the intrinsic dissociation constant.
(1)
The rate of WT InhA:DD-CoA binary complex formation were characterized by a biphasic quench in protein fluorescence, and thus all traces were fitted to equation 2, a double exponential function equation with floating end point, yielding values for the observed apparent rate of WT InhA:DD-CoA binary complex formation for the fast (k obs1 ) and slow (k obs2 ) phases of binding.
28 A 1 and A 2 are the signal amplitudes for, respectively, fast and slow phases. A plot of k obs1 versus DD-CoA concentration was linear, the data were thus fitted to equation 3. This equation describes a single-step reversible bimolecular association process, in which k 1 is the association rate constant for WT InhA:DD-CoA binary complex formation, and k -1 represents the dissociation rate constant of DD-CoA from the WT InhA:DD-CoA binary complex.
28,29 (3)
A plot of k obs2 against increasing DD-CoA concentration displayed a hyperbolic increase, and the data were thus best fitted to equation 4 for a bimolecular association process followed by a slow isomerization of the binary complex. Data fitting to equation 4 yields values for the forward rate constant (k 2 ) and reverse rate constant (k -2 ) for the binary complex isomerization process, and dissociation constant at equilibrium for binary complex formation (K d ). 25 ,28 (4) An estimate of the overall dissociation constant (K d(overall) ) for the kinetic mechanism proposed for WT InhA:DD-CoA binary complex formation was obtained from fitting the data to equation 5.
(5)
Results and Discussion
Equilibrium binding of DD-CoA to WT InhA
A plot of DD-CoA concentration versus quench in intrinsic protein fluorescence upon WT InhA:DD-CoA binary complex formation at equilibrium (Figure 1 ) was sigmoidal. Accordingly, the data were fitted to equation 1, yielding values of K' = 8.2 ± 0.3 mmol L -1 and n = 2 ± 0.1. These results clearly show that DD-CoA binds to free WT InhA, and that there is positive cooperativity in the binding of DD-CoA to WT InhA. Steady-state kinetic studies suggested that WT InhA follows a sequential kinetic mechanism with preferred binding of NADH. 8 On the other hand, a random order mechanism has been proposed based on primary kinetic deuterium isotope effects. 22 The results presented here showing DD-CoA binding to free WT InhA, and data previously published showing NADH binding to this enzyme, 8, 19, 20 clearly demonstrate that the kinetic mechanism is random order of addition of substrates. These results have a significant impact on rationalbased drug design because the random order addition of substrates shown here demonstrates that analogues of any of the two substrates may be designed as potential InhA enzyme inhibitors. In the case of a sequential mechanism of substrate binding, analogues should be designed as mimicks of the first substrate to bind to WT InhA, or as chemical compounds that are capable of binding to WT InhA:NADH binary complex.
Kinetics of WT InhA-DD-CoA binary complex formation
Steady-state kinetics and equilibrium binding are powerful tools for distinguishing mechanisms, in the sense that they can show which substrate binds to the enzyme first, and which product dissociates first. However, steady-state kinetics and equilibrium binding cannot inform us anything about isomerization of central complexes or individual rates of substrate binding to an enzyme. These limitations can be removed by studying directly partial reactions or elementary steps, instead of the overall reaction, providing that a way of detecting these interactions is available. This is the significance of transient kinetics, which aims to observe the changes occurring in the enzyme molecule itself to clarify the elementary steps of the enzyme reaction. It should be pointed out that the kinetics of NADH binding to WT and INH-resistant InhA proteins have been previously reported. 20 However, there has been no report on binding of 2-trans-enoyl-CoA substrate to InhA. Accordingly, the kinetics of DD-CoA binding to WT InhA was investigated by fluorescence spectroscopy in a stopped-flow equipment.
All traces for DD-CoA binding were characterized by a biphasic quench in protein fluorescence (Figure 2 -Inset) , and the data were thus best fitted to equation 2, a double exponential function, yielding values for the observed rate of WT InhA:DD-CoA binary complex formation for the fast (k obs1 ) and slow (k obs2 ) phases of binding. It should be pointed out that these two phases remained well separated from each other over the whole range of DD-CoA concentrations tested. A plot of k obs1 against DD-CoA concentration increased linearly (Figure 2) , and thus the data were fitted to equation 3, which describes a single-step reversible bimolecular association process, yielding values of 3.1 (± 0.5) × 10 3 L mol -1 s -1 for k 1 , the association rate constant of DD-CoA binding to WT InhA, and 53 (± 7) × 10 -3 s -1 for k -1 , the dissociation rate constant of DD-CoA from WT InhA:DDCoA binary complex. On the other hand, a plot of k obs2 against increasing DD-CoA concentration showed a hyperbolic increase (Figure 3) , which is consistent with a bimolecular association process followed by a slow isomerization of WT InhA:DD-CoA binary complex. Fitting these data to equation 4 yielded values for k 2 = 0.104 (± 0.001) s -1 , k -2 = 0.130 (± 0.002) s -1 (the rate constants for, respectively, the forward and reverse unimolecular isomerization step), and K d = 6.9 (± 0.4) µmol L -1 (the dissociation constant for the WT InhA:DD-CoA binary complex).
These results suggest that binding of DD-CoA to WT InhA is comprised of a bimolecular binding event followed by a slow isomerization of WT InhA:DD-CoA binary complex (Scheme 1). The overall dissociation constant for this mechanism (K d(overall) ) can be obtained from fitting the . This value is in reasonably good agreement with the value of K' determined from the equilibrium fluorescence titration experiment.
The total signal amplitude changes derived from the biphasic quench in protein fluorescence upon DD-CoA binding to WT InhA are given as the algebraic sum of the amplitudes of the fast (k obs1 ) and slow (k obs2 ) phases. Moreover, since no stopped-flow signal was lost in the dead-time of the equipment (Figure 2 ), no correction was needed. 24, 25, 28 A plot of total signal amplitude (A 1 +A 2 ) against increasing DD-CoA concentrations was sigmoidal (Figure 4) , and data fitting to equation 1 yielded values of 14.1 (± 0.4) µmol L -1 and 2.5 (± 0.2) for, respectively, K' and n. These results are in good agreement with the equilibrium fluorescence titration ones, thereby supporting the proposed mechanism for DD-CoA binding to WT InhA (Scheme 1).
Concerted or symmetry model
Equilibrium data supporting positive cooperativity as described are consistent with two major mechanisms involving interdependent binding sites. The first is the concerted mechanism or symmetry model proposed by Monod et al., 30 which predicts that there are two isomers of free enzyme in equilibrium, E and E * , with substrate binding effectively to E and negligibly to E * . The second is the sequential mechanism proposed by Koshland et al., 31 which predicts only one form of free enzyme in solution, substrate binding to one subunit, and a subsequent isomerization step that increases the affinity of the second subunit for the next substrate molecule. In both mechanisms, isomerization steps are slower than binding steps. Measurements of binding rate constants can distinguish the symmetry and sequential mechanisms, since the dependence of the apparent rate constants on substrate concentration can be utilized to infer whether or not two forms of free InhA are present in solution. 28, 29 If free enzyme exists in equilibrium between two forms, E and E * , one expects a hyperbolic decrease in k obs values as the substrate concentration increases. On the other hand, if there is one form of free enzyme in solution, increasing substrate levels are accompanied by a hyperbolic increase in apparent rate constant values. 29 The results presented here indicate that the binding of DD-CoA to WT InhA follows the sequential or inducedfit model, 31 with only one form of free WT InhA and a slow isomerization of the enzyme-ligand complex following DD-CoA binding (Scheme 1). Interestingly, two forms in equilibrium were observed for M. tuberculosis b-ketoacyl-ACP reductase, 32 another member of the mycobacterial FASII system. The equilibrium constant for the conformational change between WT InhA:DD-CoA and WT InhA:DD-CoA* binary complexes is near unity (k 2 /k -2 = 0.8), thereby indicating that the DD-CoA overall binding hinges on the bimolecular recognition process.
Conclusions
Enzyme inhibitors make up roughly 25% of the drugs marketed, and are thus important promising drug targets; 33 however, mechanistic analysis should always be a top priority for enzyme-targeted drug programs since effective enzyme inhibitors take advantage of enzyme chemistry to achieve inhibitory activity. 34 Moreover, it has recently been pointed out that allostericity is a factor in pharmacological drug design because allosteric inhibitors may be more selective across species. 35 To the best of our knowledge, this is the first report on enoyl-CoA substrate mode of binding to WT InhA. The results here presented support a random order kinetic mechanism of addition of substrates, and indicate that DD-CoA binding to free WT InhA follows the sequential model, with only one form of free enzyme in solution and isomerization of binary complex. These results are expected to be useful in the function-based design of inhibitors of a druggable and validated protein target that can be tested as new anti-tubercular agents.
